Lake surface water temperatures (LSWTs) of 246 globally distributed large lakes were derived from Along-Track Scanning Radiometers (ATSR) for the period 1991 to 2011.
Abstract
Lake surface water temperatures (LSWTs) of 246 globally distributed large lakes were derived from Along-Track Scanning Radiometers (ATSR) for the period 1991 to 2011.
The climatological cycles of mean LSWT derived from these data quantify on a global scale the responses of large lakes' surface temperatures to the annual cycle of forcing by solar radiation and the ambient meteorological conditions. LSWT cycles reflect the twice annual peak in net solar radiation for lakes between 1 º S to 12 º N. For lakes without a lake-mean seasonal ice cover, LSWT extremes exceed air temperatures by 
Introduction
Lakes act as integrators for the many factors affecting their temperature (Schneider et al., 2009) , such as local climatic conditions (air temperature, wind speed and surface solar irradiance), with air temperature having most influence over lake ice cover (Livingstone and Adrian, 2009 ). The response of LSWTs to ambient air temperature is affected by geographical and physical factors such as lake altitude, continentality, depth (Brown and Duguay, 2010) , the presence and extent of lake ice cover and inflow from streams and land run-off (Williams, 1965) . Altitude and topography of high mountainous areas can promote distinctive weather patterns differentiating them from low-lying areas (Thompson et al., 2009) . Altitude-dependent light intensity and quality can influence LSWTs (Wetzel, 1975) . Continentality influences the interannual LSWT variability, with lakes relatively close to the coast showing considerably less variability due to the moderating oceanic effect (Thompson et al., 2009) . The temporal and spatial extent of ice cover also has a feedback effect on the local climate through changes in albedo and heat flux (Williams and Stefan, 2006) , with reduced ice cover resulting in increased evaporation (Brown and Duguay, 2010) . There is a need for a global scale understanding of the climatic and lake characteristic drivers of LSWT climatology.
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The synoptic variability of air temperature is smoothed in the progression of lake temperature, due to the high effective heat capacity per unit area of lake water (Wetzel, 1975) . This allows the frequency of global scale observations, available from remote sensing, to support a useful quantification of lake surface water temperature (LSWT) variability of resolvable lakes. Given climate change predictions of increases in the frequency and magnitude of air temperature extremes in the 21st century (IPCC, 2012) , determining the global scale response of LSWTs and the timing of ice phenology events (ice-on and ice-off dates) to ambient air temperatures is highly important. Ice phenology events are a good indicator of climate variability and climate change (Duguay et al., 2006) and have been considered for use as a climate index (Palecki and Barry, 1986; Lenormand et al., 2002) .
To our knowledge, remotely sensed LSWTs have not been previously analysed on a global scale to explore their climatological behaviour and dependencies. There are some regional scale climatology studies, carried out using in situ data from numerous sources. Williams et al (2004) found that the timing of ice-off on 143 North American freshwater lakes (using linear regression), was more strongly related with the spring air temperature (mean air temperature from February to June), R 2 = 0.78, than with latitude (R 2 = 0.59). The autumn air temperature (mean air temperature from September to December) and latitude explained a similar fraction of the variation in the timing of 0.73 and 0.71 (R 2 ), respectively. A consistent but weaker relationship was shown, between the ice phenology events and mean depth and surface area. This study also showed that a sliding mean air temperature for a fixed period before ice-on 5 and ice-off were poor indicators of events. Lakes with an air temperature of 1 º C warmer were shown to cause later ice-on day, of ~ 5 days and an earlier ice-off day, of ~ 6 days. A follow-on study confirmed that the linear regression model best explained ice-off but that a log transform model best explained ice-on (Williams and Stefan, 2006) . Many other smaller scale or regional studies show the response of ice-on and ice-off dates to various features in the air temperatures cycle. For 63 Finnish lakes lying between 60 º -70 º N, the mean temperature of individual months for up to five months before ice-on show significant correlation with ice-on timing. Regional variation, shown in the results of this study, was attributed to latitude and distance from coast (Palecki and Barry, 1986) . A study on 196 Swedish lakes, spanning 13 º latitude, showed that ice-off had a nonlinear relationship with the mean annual air temperature (Weyhenmeyer et al., 2004) . This possibly highlights regional differences, as a linear regression model was shown to best explain ice-off in North American lakes. Livingston (1999) found that the ice-off on Lake Baikal is related to both the mean air temperature during the thawing phase (April) and to the month of minimum temperature (February). Brown and Duguay (2010) suggest that the ice-on is dominantly controlled by summer and autumn air temperatures. Straskraba (1980) produced a parametric fit based on the annual surface temperature variations of 38 lakes of medium depth, spanning 0 º to 70 º N at altitudes of < 2000 m.a.s.l.. This model produced a good estimate of global LSWTs at low latitudes (< 30 º N/ º S) when compared with observations from ARC-Lake (ATSR Reprocessing for Climate: Lake Surface Water Temperature & Ice Cover.
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In these studies, comprising of LSWTs from different in situ sources, the inherent variation in the temporal and spatial LSWT resolutions may obscure the often subtle effects of lake characteristics on the LSWTs. Additionally, in these previous studies there is a wide variation in the range of air temperatures that best explain ice-on/iceoff; mean seasonal, mean of 1-5 preceding months and minimum month. The parametric model by Straskraba, driven by gradients in solar radiation for lakes of medium depth cannot be suitably used to assess the effect of varying lake characteristics on LSWT. The spatially resolved LSWT observations for a wide number of globally distributed lakes, which have been derived in a systematic manner, such as ARC-Lake observed LSWTs, has the potential to greatly add to understanding of the global LSWT climatological behaviour.
In this paper, we present a satellite-based climatology of LSWT of large lakes, including the geographical distributions of the annual cycle. The LSWT climatology is derived from Along-Track Scanning Radiometers (ATSR) observations as part of the ARC-Lake project (MacCallum and Merchant, 2012) . We interpret the annual cycles of large lakes relative to the annual cycle in forcing of lakes from solar irradiance and ambient air temperature cycle, considering the effect of altitude on LSWTs and on ambient temperature.
For lakes that have a lake-mean seasonal ice cover, we present the climatological LSWT cold phase (the length of time the LSWT remains below 1 º C), the LSWT open water phase (the length of time the LSWT remains above 4 º C) and the warming and 7 cooling intervening phases (the length of time taken for the LSWT to warm from 1 º C to 4 º C and to cool from 4 º C to 1 º C. The inter-lake variability of the start and end of the phases are quantified through their dependency on the day the air temperature rises above 0 º C (0 º C air warming day) or on the day the air temperature falls below 0 º C (0 º C air cooling day). We also attempt to explain more of the inter-lake variation of the start and end of the phases using lake physical characteristics; lake depth, surface area, altitude and distance from coast.
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Data source, lake distribution and salinity
Data source and validation
Lake surface water temperatures (LSWTs) of 246 globally distributed large lakes.
principally those with surface area > 500 km 2 (Herdendorf, 1982; Lehner and Doll, 2004) were generated from the three ATSRs (ATSR1, ATSR2 and AATSR) (MacCallum and Merchant, 2012 A target lake is identified on the basis of the geographical co-ordinates of a pixel in the ATSR imagery. A land/water mask (fixed in time) reconciling the global lakes and wetlands database (GLWD) polygon area and NAVOCEANO data was developed specifically to define lake boundaries used in the ARC-Lake project (MacCallum and Merchant, 2012) . Valid LSWTs are estimated only for pixels that are effectively free from cloud (clear-sky). An algorithm based on Bayes' theorem (Merchant et al., 2008) is employed for assigning a clear-sky probability. The effectiveness of the lake product retrieval algorithms is assessed using two methods of data validation: analysis of the performance for case study images at full ATSR resolution and quantitative point comparisons with in situ observations. A match-up data set from in situ temperature data consisting of 52 observation locations covering 18 of the lakes was constructed. The majority of these lakes are located in North America or northern Europe but also include an African and Oceanic lake. The mean differences ranged between the instruments from -0.34 º C to -0.09 º C (day) and -0.18 º C to +0.06 º C (night) (MacCallum and Merchant, 2012 At nighttime, the sub-micron surface (skin) temperatures (radiometric measurements) are generally cooler than the upper mixed layer temperature measured by in situ means. The biases associated with the skin effect for ATSRs are generally in the order of 0.2 K (Donlon et al., 2002) . These biases can be greater in summer months where the skin effect is larger. The daytime variability in the solar radiation cycle introduces more variability in the daytime skin effect (Hook et al., 2003) . Wind speed also has an effect, at wind speeds > 6 m/s, the skin effect is well characterised. At lower wind speeds, the skin effect shows greater variability, due to greater stratification (Donlon et al., 2002) . The skin effect is systematic and it can be evident, even in data that are noisy, where the long term averages are considered. The bigger variability in the daytime skin effect is evident in the match-up of ATSR instrument and in situ 10 temperatures. The daytime uncertainty is greater, 0.43 K (RSD), than the nighttime uncertainty, 0.33 K, across the three instruments.
The observed lake-mean LSWT climatologies for large lakes, spanning latitudes from 55 º S to 69 º N, are derived from the 0.05 degree data, over the available observation time period, averaging the daytime and nighttime observations. To fit the purpose of the different analyses, we use climatological data at a range of temporal resolutions;
daily LSWTs (interpolated), twice a month LSWTs and monthly LSWTs. Figure 1 displays the location of the 246 lakes considered in this study, classified by surface area (obtained using polygon area in GLWD).
Throughout this study the dispersion of errors between lakes is characterised using + 2 standard deviations, giving a confidence level of ~95%. All regression values reported are R 2 adj values (the ratio of the number observations to the number of predictors are considered) and are in decimal format.
Global distribution of lake size and origin
Lakes of known origin (ILEC, 1999; LakeNet, 2003) are categorized in terms of lake number and surface area for temperate and tropical lakes, Table 1 . The majority of lakes with unavailable lake origin (38% of lakes) are smaller lakes, accounting for only 11% of the total lake surface area. Almost two-thirds of all the observed large lakes are located between 40 º N to 70 º N. The cluster of East African rift lakes make up a significant portion of the tropical lakes, Figure 1 . Lake origin plays a significant part 11 in the global distribution and surface area of large lakes. Tectonically formed lakes are globally well distributed, while glacial lakes exist mainly in temperate regions at latitudes above 40 º N. A small number of glacial lakes are found at equivalent latitudes in the southern hemisphere but are typically 5 times smaller in surface area. Table 1 highlights the surface area contribution that tectonic lakes make to the tropical large lakes (94%). The importance of the tectonically formed Great African Lakes is evident both in terms of lake depth and area, accounting for six of the eight deepest tropical lakes.
Lake salinity
A total 64 of the 246 lakes are considered saline or a mix of saline and freshwater (S/F). Lakes with a total dissolved solids (TDS) content exceeding 3 g/l are considered saline (Williams, 1962) , although 6 of the 10 S/F lakes have a TDS of or below this value. The salinity values of these 64 lakes range from 0.5 g/l for Lake Razelm (S/F) (Vadineanu et al., 1997) to 340 g/l for the Dead sea (Horita, 2009) . Over half of the saline and S/F lakes (36 of 64 lakes) are in Asia. The most saline of these Asian lakes (>155 g/l) are at altitudes in excess of 4000 m.a.s.l. or below sea level; Lake Karabogaz-gol (next to the Caspian sea) and the Dead sea are located at 22 m and 404 m below sea level respectively. In contrast, the most saline lake in Europe is Lake
Manych-Gudilo, 42 g/l (Matishov et al., 2007) , and the coastal lake of Bras d'Or with a salinity value of 25 g/l is most saline North American lake.
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Climatological characteristics
We demonstrate 
LSWT responses to solar radiation
Air temperature, determined by the exchange of radiant energy between the sun, the earth's surface and the atmosphere, is driven by solar radiation, the principal source of energy to the earth's surface (Ritter, 2006) . LSWTs exhibit some degree of variation that corresponds to the seasonal cycle of solar radiation at a given latitude (Lerman et al., 1995) . This is evident from the broad similarity, with time lag, of the hemispheric annual LSWT cycle (Figure 4a and 4b) and the hemispheric netSSI climatology (Figure 4c and 4d) . The incoming and reflected monthly shortwave radiation data is sourced from the Energy Balanced and Filled (EBAF) data set (resolution 1 º x 1 º ) from the Clouds and the Earth's Radiant Energy System (CERES) project (Loeb et al., 2009 ).
LSWT and solar radiation extremes
The minimum netSSI (at the lake centre grid references of all lakes < 2000 m.a.s.l.) is strongly correlated with latitude throughout both hemispheres; decreasing with increasing latitude at a marginally higher rate in the southern hemisphere, 5. The maximum netSSIs are poorly correlated with the maximum LSWTs in both hemispheres. As shown in Figure 4c and 4d, while the maximum netSSI show little changes with latitude, the length of the time of insolation levels close to the maximum netSSI decreases with increasing latitude. This directly affects the amount of heat absorbed through the lake surface in summer. As a result, the variation in the maximum LSWTs is better explained by latitude, 0.67 in the northern hemisphere and 0.82 in the southern hemisphere, as evident from Figure 4a and 4b.
LSWT response to equatorial insolation cycle
Between latitudes of 5 º S and 10 º N, top of atmosphere (TOA) solar radiation peaks twice a year, exhibiting two solar maxima and minima. The maxima occur towards the end of March and the end of September and the deeper minimum occurs during the hemispheric winter (Lewis, 1987) . Lewis determines the hemispheric divide to be at 3.4 º N, the latitude at which the annual range of monthly TOA irradiance is at a minimum. The annual cycle of the total incoming shortwave solar radiation at all observed lake locations (21 lakes) within this range show the presence of two annual solar maxima and minima, the timing of the maxima (+ 1 month), and the occurrence of the deeper minimum in the hemispheric winter (considering the hemispheric divide to be at 3.4 º N). In further agreement with Lewis (1987) , the annual range of incoming solar radiation is at a minimum for lakes closest to the hemispheric divide and increases at lake locations to the north and south.
Considering the reduction of shortwave radiation to the earths' surface due to cloud cover, which varies greatly depending on time of year and latitude, the two annual peaks in netSSI extremes are present at lake locations between latitudes from 9 º S and 12 º N but with varying amplitude. The range of annual netSSI varies across these locations and is at a minimum at 2 º S, south of which the deeper minimum netSSI generally occurs during the southern hemispheric winter. Northwards of 2 º S it occurs in either hemispheric winter and the first annual maximum is dominant over the second maximum. The twice annual netSSI peaks are reflected in the LSWT cycle of all lakes (n = 16) from 1 º S to 12 º N, with the first annual maximum dominating the second annual maximum in 14 of the 16 lakes. The LSWT annual cycle for six lakes spaced throughout this region (from 1 º S to 12 º N) and the netSSI cycle at the corresponding latitude are shown in Figure 5 . As expected, the LSWT maxima and minima lag the netSSI maxima and minima. With an optimal lag (ranging from 2 18 weeks -6 weeks) applied to each lake, the variation in the netSSI cycle explain 0.76-0.97 (R 2 adj) of the variation in the LSWT cycle for 5 of the 6 lakes, as shown in Figure   5b and 5d. The LSWT cycle for Lake Turkana shows poor correlation with the netSSI cycle. The range in the annual monthly LSWTs is at a minimum at 2 º S, reflecting that of the minimum netSSI range.
Timing of peak LSWT
The timing of the netSSI extremes are determined from the calculated TOA daily solar heat flux at every 1 º latitude and CERES 5-year reflected TOA shortwave radiation climatology (interpolated from monthly to daily). LSWT extreme timings extracted from the lake-mean daily climatological data are compared with the netSSI extreme timings to determine the LSWT/netSSI lag at each latitudinal band.
The range in latitude over which a true LSWT/netSSI lag can be defined is limited to lower temperate regions where there is a strong seasonal cycle but no seasonal ice cover (non-seasonally ice covered lakes > 25 º N/ S, 38 lakes). The predominately Mediterranean climate at lake locations 35 º to 55 º S, is considerably milder than the harsher moist continental climate from 35 º to 55 º N (Strahler and Strahler, 1989) . This allows for a greater range of southern hemispheric latitudes over which a true LSWT/netSSI lag can be defined. Figure 6 shows a 38 day and 43 day increase in the minimum and maximum LSWT/netSSI lag from the 30 º to 50 º S latitudinal zones.
There is a 23 day increase in the minimum lag between the 30 º and 40 º N latitudinal zones, and no increase in the maximum lag, Figure 6 .
LSWT and air temperature relationship
In this section, we consider the effect that latitude has on the relationship between monthly LSWT and air temperature climatological extremes. We use air temperature from the CRU_3.1_TS (Jones and Harris, 2008) the LSWT and air temperature extreme differences are similar; 1.2 º C to 2.9 º C for maximum temperature and 1.4 º C to 3.0 º C for minimum temperature.
LSWT and air temperature adjustment for altitude
An LSWT lapse rate (the rate of decrease of temperature with increase in altitude) of 4.3 º C km -1 (R 2 = 0.83) determined for 161 lakes of Papua New Guinea, ranging from 0-3800 m.a.s.l. (Vyverman and Sabbe, 1995) , compares well with LSWT adjustment rate used in this study. A study on small temperate lakes clustered on the Swiss Plateau yielded lapse rates of 3.7-5.5 º C km -1 (Livingstone and Lotter, 1998 ) and up to 6.9 º C km -1 in July (Livingstone et al., 1999) . The higher lapse rates may be attributable to lake size. The large lakes in the global dataset appear to be less strongly coupled to the air temperature lapse rate (6.5 º C km -1 ) than the Swiss plateau lakes.
LSWT-air temperature difference with altitude
With the applied altitude adjustment, across latitudinal zones, from 40 º S to 30 º N, the LSWTs exceed the air temperatures by a difference of 0.5 º C to 1.7 º C for maximum temperature, by 0.7 º C to 1.9 º C for minimum temperature. Without the applied altitude adjustment, the difference is larger; 1.2 º C to 2.9 º C for maximum temperature and 1.4 º C to 3.0 º C for minimum temperature, indicating that the temperature decrease with altitude is greater for air temperature than for LSWT.
At 500 m.a.s.l., the LSWT-air temperature difference is demonstrated to be greater by predominately Continental climate) (Strahler and Strahler, 1989) . Thus, the observed temperate LSWT ranges are much lower in the Southern hemisphere. For example, for Lake Taupo, 39 º S the observed LSWT range is 8.6 º C, while for Clear Lake and Walker Lake at 39 º N the LSWT range is 17.4 º C and 18.4 º C respectively.
The relationship of temperature dependent LSWT phases with air temperature and lake characteristics
A typical seasonal cycle of lake-mean LSWT for a dimictic lake is shown in Figure 9 .
Here, new terminology is introduced that is used in the assessment of the timing of features of this seasonal cycle in relation to ambient 0 º C air temperature and lake characteristics. The seasonal cycle can be broken down into four phases: a cold phase and an open water phase, separated by two intervening phases (warming and cooling).
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As illustrated in Figure 9 , the boundaries of these phases are defined by the day of the year on which the lake-mean LSWT transitions through 1 º C and 4 º C. We term these dates as 1 º C and 4 º C warming and cooling days, collectively, termed as the LSWT phase transition days. We examine the timing of the phase transition days in relation to the day on which the air temperature rises above 0 º C in Spring (0 º C air warming day) and drops below 0 º C in autumn (0 º C air cooling day). Collectively these are referred to as the air temperature transition days.
LSWT phases of freshwater lakes
Although the temporal frequency of satellite data is not high enough to precisely detect the first 0 º C day, interpolating to the 1 º C day is a more effective indicator of ice-on/off for lake-mean LSWTs of large lakes. Typically while much of a large lakes' surface may be frozen, some parts will freeze and thaw earlier or later or remain unfrozen, yielding a mean LSWT greater than 0 º C, which may not be representative of the majority of the lake. For this reason, the cold phase is considered the period during which at least part of the lake surface is likely to be ice covered. The cold phase transition days (1 º C cooling and warming days) show a good consistency with in-situ measurements of ice-on and ice-off days for 21 Eurasian and North American lakes Layman, 2001 ) at locations close to lake centre over a varying time-span from 1955-2004, Figure 10a and 10b. The observed 1 º C cooling and warming days for the 21 lakes are on average 3.3 and 2.0 days earlier than the average in-situ ice-on and ice-off days.
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During the open water phase (period where the lake-mean LSWT remains above 4 º C, Figure 9 ) the lake is considered to be completely ice free. A study on the Great lakes,
showed that while both open water and ice are present within a lake, the range of surface temperatures will not normally exceed 4 º C (Reinart and Reinhold, 2008) . The start of this phase follows spring turnover, where the increasing density of warming water (from 0 º C to 4 º C) causes surface water to sink and mix with deeper waters, breaking up any remaining ice cover. When the LSWT cools to 4 º C in autumn (the same temperature as the lake bottom), the absence of density difference induces autumn turnover. After turnover, the rate at which cooling and surface ice formation occurs is a function of the lake heat storage capacity, often showing a relationship with lake depth (Pour et al., 2012) . During the open water phase, the mixing and stratification patterns are highly dependent on individual lake characteristics such as lake depth and surface area, lake location (latitude and altitude) (Lewis, 1983 ) and on other factors such as local wind conditions and salinity (Boehrer and Schultze, 2008) .
Lake morphometry is a factor in the ice-on/off timing as it affects wind fetch, water circulation and heat storage (Pour et al., 2012) . The phase transition days were extracted from the daily climatological LSWT data. 
Dependence of LSWT phases on air temperature
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The relationship between air temperature and ice-on/off dates is long established (Brown and Duguay, 2010) and statistically, air temperature can explain 60% to 70% of the variance in ice-off (Livingstone and Adrian, 2009 ). We regress the 1 º C and 4 º C warming days with the 0 º C air warming day and the 1 º C and 4 º C cooling days with the 0 º C air cooling day for non-saline lakes < 700 m.a.s.l. (122 lakes) globally and regionally (North America, Europe and Asia). As latitude is strongly related to air temperature and has been considered as a proxy for air temperature in many LSWT studies (Weyhenmeyer et al., 2004) , we also regress the LSWT phase transition days with latitude. For this analysis, we assess daily T2 (2 m air temperature) climatological ECMWF re-analysis data (ECMWF, 2009), for the years 1991 to 2010, at grid references closest to the lake centre, applying a 14-day moving average. The regression equations (constant and air temperature day coefficient) reported in Table 3 to Table 6 are suitable for the prediction of the LSWT phases and phase transition days for large non-saline lakes < 700 m.a.s.l., in North America, Europe and Asia, lying within 42 º to 69 º N, within a surface area of 100 to 32,000 km 2 and depths ranging from < 1-680 m.
Globally, the air temperature transition days explain 0.65 and 0.60 (R 2 adj) of the interlake variation in the timing of the 1 º C cooling and warming days, Table 3 Air temperature explains more of the variation in the 4 º C days than the 1 º C days, as shown in Table 3 and Table 4 . This is owing to the presence of ice at the 1 º C lakemean value. At this lake-mean temperature, parts of the lake surface are ice free and responding to ambient air temperatures while other parts of lake remain ice covered.
The extent of lake ice cover varies from lake to lake confounding the inter-lake relationship between the 1 º C days and air temperature. Additional factors during warming, such as the insulating effect of overlying snow, affects the timing of the ice melt (Dutra et al., 2010) , further confounding the relationship with air temperature. As shown in Table 4 , globally and regionally (with exception to Europe), air temperature shows a stronger relationship with the 4 º C warming day than the 4 º C cooling day. This is possibly because the rate of cooling can be highly dependent on the effective heat storage capacity of the lake. In Europe, air temperature explains a consistently low amount of the inter-lake variation in the timing of all 4 LSWT phase transition days (0.30 -0.32).
Regional differences are expected due to localized climate system and influences. For example, in North America the inflow of colder water due to ice melt at high latitudes, may affect the relationship between air temperature and the 1 º C and 4 º C warming days. Additionally, the limnic ratio, the ratio between the total lake area and the total documented regional area, expressed as a percentage (Lerman et al., 1995) varies regionally; 0.2% in Asia, 1.1% in Europe and 1.7% in North America.
Relationship of LSWT phases with lake physical characteristics
Expanding the regression with air temperature to include distance from coast (Wessel and Smith, 1996) and lake physical characteristics (depth, altitude and surface area) obtained from Herdendorf (1982) , Lehner and Doll (2004) , the ILEC World Lake Database (http://wldb.ilec.or.jp/), LakeNet (http://www.worldlakes.org/) and Kourzeneva et al. (2012) , contributes a small but statistically significant improvement to the explanation of the global inter-lake variation in the timing of the LSWT phase transition days of the 122 lakes.
Regionally, statistically significant relationships with the LSWT phase transition days were found for depth but not for lake surface area, indicating that depth may be a more suitable characteristic for estimating the effective heat storage capacity. Lake depth explains a further 0.02-0.09 of the inter-lake variation in the LSWT phase transition days in North America, accounting for more of the variation in the cooling days (0.04-0.09) than the warming days (0.02-0.03). Similarly, in Europe depth accounts for more of the variation in the 1 º C and 4 º C cooling days (0.10-0.12) than in the 4 º C warming day (0.07). This demonstrates that the effective heat storage capacity of the lake is more strongly dependent on the rate of cooling than the rate of warming. Depth causes a later cooling day, of 2-4 days/10 m in North America and 5-8 days/10 m in Europe.
In contrast, while lake depth does not explain any of the variation in the cooling days 29 in Asia, it explains a further 0.09 in the 4 º C warming day. Its effect is small, causing later warming by < 0.5 day/10 m.
Lake altitude explains a further 0.05 of the variation in the warming days in North America causing a later 1 º C warming day (3.5 days/ 100 m.a.s.l.) and 4 º C warming day (1.3 days/ 100 m.a.s.l.), across the range of altitudes, 0-700 m.a.s.l, Table 5 .
In Europe, distance from coast replaces air temperature in the stepwise regression for all four phase transition days, explaining more of the inter-lake variation (0.36-0.57) than air temperature (0.30-0.32). Opposite to what is expected, lakes further from the coast show a later 1 º C and 4 º C cooling day and an earlier 1 º C and 4 º C warming day (Table 5 ). Inland lakes have harsher winters due a greater distance from the moderating effect of the ocean (Thompson et al., 2009) . Latitude, when added to the stepwise regression, also replaces distance from coast for all 4 transition days. This demonstrates that distance from coast in Europe mis-leadingly acts as a proxy for latitude and air temperature.
Other factors not considered here, such as, wind and snow depth are expected to affect the timing of the LSWT phase transition days. The mechanical action of wind can prevent the formation of solid ice cover on the initial ice skim. Wind also can accelerate ice-on by causing a greater rate of cooling and ice-off by breaking up ice and mixing it with warmer sub-surface water (Williams, 1965) . Overlying snow will have insulating effect, affecting the timing of the ice melt (Dutra et al., 2010) .
Warming and cooling intervening phases
The cooling and warming intervening phase is the time taken for the LSWT to change between the cold and open water phases; to cool from 4 º C to 1 º C and warm from 1 º C to 4 º C, Figure 9 . Globally and regionally (with exception to Europe) there is a stronger relationship between air temperature and the warming intervening phase than the cooling intervening phase (Table 6) This period follows the timing of the first annual netSSI maximum (March) demonstrating that at higher altitudes, maximum LSWTs follow air temperature more closely. From July onwards, altitude explains < 0.10 of LSWT-air temperature difference, with the exception of November. A slightly higher proportion of the variation is explained in November (0.20), possibly because this month follows the second annual netSSI maximum (lower in magnitude than the first netSSI maximum).
The typical annual LSWT cycle for dimictic lakes is defined by 4 phases (cold, openwater, and two intervening phases), the boundaries of which are marked by the days on which the LSWT passes through temperatures of 1 º C and 4 º C, Figure 9 . The air temperature transition days are better estimators of the 4 º C cooling and warming days than of the 1 º C cooling and warming days, Table 3 and Table 4 . Although the lakemean 1 º C cooling and warming days show good consistency with in-situ measurements of ice-on and ice-off days, complications due to the presence and extent of ice at the 1 º C lake-mean boundary confound the relationship with air temperature.
There is much regional variation in the response of the LSWT phase transition days and lake characteristics to the air transition days. This may be attributed to regional variation in the climate influences and in the limnic ratio.
Globally and regionally (with exception to Europe), the 0 º C air transition days explain Table 3 to Table   6 are suitable for the prediction of the LSWT transition days and phases of large nonsaline lakes < 700 m.a.s.l. in North America, Europe and Asia, lying within 42 º to 69 º N, with depths from >1 to 680 m and within surface areas of 100 to 32,000 km 2 .
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As demonstrated, remote sensing can be used to extend the reliable quantitative details of lake climatology beyond the information readily available from in situ data. Remote sensing also has the potential exists to address many more lakes in this way encompassing a larger portion of the earth's inland surface water.
As demonstrated, remote sensing can be used to extend the reliable quantitative details of lake climatology beyond the information readily available from in situ data. The potential exists to address many more lakes in this way encompassing a larger portion of the earth's inland surface water.
The ARC-Lake dataset is currently being extended to include ~1000 of smaller lakes (surface area > 100 km 2 ) worldwide using a temporally varying lake mask instead of the current temporally fixed lake mask.
This paper focused on interpretation of the LSWT climatologies. An analysis of the full time series of LSWTs should help refine the knowledge of the drivers of trends and inter-annual variability at global and regional scales. Table 5 Stepwise regression results of phase transition days vs air temperature transition days, depth, lake altitude, distance from coast and lake surface area for non-saline lakes below 700 m a.s.l, located from 42 º to 69 º N, with surface areas of 100 to 32,000 km 2 and depths ranging from 0-680 m 43 Table 6 Stepwise regression results of length of intervening phases vs air temperature transition days, depth, lake atitude, distance from coast and lake surface area for non-saline lakes below 700 m a.s.l, located from 42 º to 69 º N, with surface areas of 100 to 32,000 km
